A number of investigators (1-9) have recently studied the potassium concentration in the proximal tubule of rat and Necturus. Unfortunately, there are significant differences in the results obtained by different observers. The general conclusion, however, that potassium is reabsorbed against an electrochemical gradient in the proximal tubule of the rat seems justified. Furthermore, if one compares the ratio of the concentration of potassium in tubule fluid to that in plasma (TF/P K) to the corresponding ratio for inulin, potassium appears to be extensively reabsorbed from the proximal tubule.
A number of investigators (1) (2) (3) (4) (5) (6) (7) (8) (9) have recently studied the potassium concentration in the proximal tubule of rat and Necturus. Unfortunately, there are significant differences in the results obtained by different observers. The general conclusion, however, that potassium is reabsorbed against an electrochemical gradient in the proximal tubule of the rat seems justified. Furthermore, if one compares the ratio of the concentration of potassium in tubule fluid to that in plasma (TF/P K) to the corresponding ratio for inulin, potassium appears to be extensively reabsorbed from the proximal tubule.
The study reported in this paper was undertaken in an attempt to define the mechanism by which potassium is handled in the proximal tubule of the dog nephron. It was made possible by the development of a sensitive ultramicromethod for the determination of potassium in biological fluids and the adaptation of micropuncture techniques to the study of renal function in dog (10) . The concentrations of inulin and potassium were determined in the same samples of proximal tubule fluid. In separate sets of experiments, proximal transtubular potential differences were also determined. The concentrations of inulin and potassium in tubule fluid were compared with the respective concentrations in plasma in order to evaluate net potassium reabsorption, and the TF/P K ratio was compared with equilibrium ratios calculated from the transtubular potential by the Nernst equation.
The results of this study differ quantitatively, although not qualitatively, from those reported by others using rat and Necturus as experimental * Submitted for publication July 12, 1963; accepted November 26, 1963. Presented in part at the 55th Annual Meeting of the American Society for Clinical Investigation, April 28, 1963. t Special Public Health Fellow. animals. To determine whether this difference was related to species differences or to methodology, a limited number of proximal TF/P K ratios were also determined in rats and Necturus.
Methods
Studies were performed on male and female mongrel dogs weighing from 9 to 15 kg. The dogs were anesthetized by rapid injection of 200 mg of sodium pentothal administered intravenously as a 2.5% solution in distilled water; small additional doses were administered from time to time to maintain the desired level of anesthesia. The left kidney was exposed through a flank incision, and indwelling catheters were inserted into the ureter of the experimental kidney, the foreleg vein, and the femoral vein. Methods of exposing and supporting the kidney for micropuncture as well as the techniques of tubule fluid collection and identification have previously been reported (10) . The samples of tubule fluid were generally 0.03 to 0.05 IAI in volume and were collected in 5 minutes or less.
In all dog experiments, 15-minute urine collection periods for the determination of inulin and potassium clearances were obtained while tubule fluid samples were being collected. After appropriate priming and sustaining infusions of inulin had been given, 30 minutes was allowed to elapse before collections were begun to insure stable concentrations of inulin in plasma. Venous blood was drawn at the mid-point of each period, and urine was collected through the ureteral catheter. It has previously been demonstrated that the surgical manipulation necessary for tubule fluid collections in the dog does not appreciably alter the function of the experimental kidney when it is compared to its contralateral control (10) . If during the course of the experiment the glomerular filtration rate fell by 20%o or more, the results were discarded.
The transtubular potential differences were measured by pyrex glass microelectrodes as described by Ling and Gerard (11 and analyzed for potassium from both normal nondiuretic animals and rats receiving 20%o mannitol at the rate of 0.1 ml per minute. Blood was obtained at the end of the experiment from the abdominal aorta. In rats undergoing a mannitol diuresis, urine flows as high as 0.13 ml per minute were obtained through a polyethylene catheter inserted into the ureter of the experimental kidney.
Micropuncture samples from Bowman's capsule and proximal tubules of Necturus were also collected. Experiments were performed in the months of May and June on animals that had been kept at 4°C in amphibian Ringer's solution for 1 to 8 weeks. The Necturi were anesthetized with 1%o tricaine in amphibian Ringer's solution, and the mesonephros was exposed by a midline abdominal incision. The head of the animal was immersed in oxygenated Ringer's solution to which a small amount of the original anesthetic solution was added. The experimental kidney was bathed in Ringer's solution while tubule fluid samples were being c6llected. Care was taken to avoid contamination of the sample with the bathing solution. Blood was obtained at the end of the experiment from the abdominal vein and anticoagulated with heparin. The puncture site within the proximal tubule was determined by filling the entire nephron with nigrosine and grossly estimating the location within the proximal tubule from which the sample was obtained.
The tubule fluid potassium concentrations were measured on an ultramicro filter photometer developed for the determination of alkali metals in biological fluids. The method uses as its energy source for cation excitation a helium plasma produced by discharging a radio frequency through a helium atmosphere. The potassium emission in turn is picked up by a red-sensitive photomultiplier at wave lengths of 766 to 769 my and the peak response recorded on a peak recording meter.
Preliminary investigations established that sodium concentrations up to 40 mmoles per L depressed the potassium emission in a progressive manner; however, above 40 mmoles per L the depression was constant. Likewise, increasing concentrations of bicarbonate, phosphate, and sulphate depressed the emission; these effects could be swamped by 1 mmole per L (NH4) 2 HPO4. In addition, 0.3 mmole per L CsCl was used in an attempt to enhance the potassium emission.
Potassium determinations were always done within 1 to 2 hours after the collection of the samples. 0.005 ul of tubular fluid was withdrawn into a constant bore capillary micropipette by capillary action, transferred under oil, and delivered into 0.1 ,Al of diluting fluid containing 0.3 mmole per L CsCI, 50 mmoles per L NaCl, and 1 mmole per L (NH4)2 HPO4. 0.01 Al of this final 1: 21 dilution was then placed on an iridium wire having a diameter of 0.004 inches. The wire with the sample was then placed in a chamber flushed with helium and the cation excited as described above. All samples and standards were handled identically, and each unknown was bracketed between two nearest standards. A de- 
Results

Proximal transtubular potential differences (ET)
The distributions of measurements of the ET across the proximal tubule in the normal nondiuretic dog, and in potassium-depleted and potassium-loaded animals are shown in Figure 1 . There was a scatter of potentials, ranging from 8 to 45 mv, with a mean ET of 22 mv, lumen negative to extracellular fluid, in the normal dog. There were no significant differences between normal and potassium-loaded or -depleted animals. Transtubular potentials obtained from one dog during 20% mannitol infusion were of the same order of magnitude; however, because of excessive motion of the kidney, stable potentials were impossible to obtain, and a definitive evaluation of the ET during mannitol infusion cannot be made. remaining at various points along the proximal tubule as determined by dividing the TF/P K ratio by TF/P inulin ratio. The mean values for the potassium-inulin clearance ratios [(U/P K)/ (U/P In)] for each dog are shown on the lower right.
The mean TF/P K ratio was 1.32 (SD + 0.29), and there was no relationship between the ratio and position within the tubule. The fraction of filtered potassium remaining within the proximal tubule, however, became progressively smaller, reflecting the increasing inulin TF/P ratios. The mean fraction of the filtered potassium remaining in the middle third of the proximal tubule was 0.63 (SD +0.31).
2) Potassium-loaded dogs. Figure 3 shows results obtained from four potassium-loaded dogs. Potassium excretion was much greater than in normal dogs; however, the TF/P K ratio did not differ significantly from that in the normal animals, the mean in the potassium-loaded dogs being 1.43 (SD + 0.30). Net potassium reabsorption was also demonstrated throughout the proximal tubule. The mean fraction of filtered -potassium remaining in the, middle third of the proximal tubule, 0.86 (SD + 0.29), although greater than in the normal dogs, was not significantly different.
3) Potassium-depleted dogs. In these studies, Figure 4 , potassium excretion was at a minimum, and serum potassium was depressed to the range of 2.3 to 3.2 mEq per L. The mean TF/P K ratio in the proximal tubule of 1.05 (SD 0.14) was significantly lower (p < 0.001) than in the normal and potassium-loaded dogs. The fraction of the filtered potassium remaining in the proxi- 4) Mannitol diuresis in normal dogs. The TF/P K ratio was fairly consistently less and the mean significantly less than 1.0 when normal dogs were infused with 20% mannitol (Figure 5 ). Here the mean TF/P K ratio of 0.90 (SD ± 0.18) was significantly less (p < 0.001) than that observed in the three previous sets of experiments. The mean fraction of the filtered potassium remaining in the middle third of the proximal tubule during mannitol diuresis, 0.58 (SD + 0.14), did not differ significantly from that in the normal animals. The data identified by closed triangles are not included in the calculations of either the mean TF/P K ratio or (TF/P K ratio)/ (TF/P In ratio) because the glomerular filtration rate throughout the experiment was abnormally low. However, they are included in the figure to demonstrate further that TF/P K ratios considerably less than 1.0 can be observed in the proximal tubule. 5) Normal nondiuretic rats. The TF/P K ratios from six nondiuretic rats are shown in Figure 6 . As in the dog, there was no relationship between position within the tubule and the TF/P K ratio. The mean TF/P K ratio of 1.34 (SD + 0.25) was essentially the same as that found in normal nondiuretic dogs.
6) Mannitol diuresis in normal rats. Figure 7 illustrates the TF/P K ratios obtained from three rats undergoing mannitol diuresis. Although the majority of ratios was not less than 1.0, as was the case in dogs during mannitol infusion, the mean TF/P K ratio of 1.09 (SD + 0.15) was sig- (12) and rat (4, (16) (17) (18) (19) . All of the studies demonstrate a scatter of potentials ranging from 5 to 50 mv, lumen negative to extracellular fluid, with an average potential approximating 20 mv in the normal animal. In this study, the potentials observed in the proximal tubule of the dog nephron are of the same magnitude as those found in previous studies of other species. Furthermore, conditions of low and high net potassium excretion do not alter the proximal transtubular potentials in the dog. Although a definitive evaluation of the proximal transtubular potential during mannitol diuresis could not be made for reasons previously mentioned, the lumen was always negative to extracellular fluid.
The Nernst equation, E = -61.5 log Kt/Kp, defines the relationship of the transtubular potential to the distribution of potassium between tubule lumen (Kt+) and extracellular fluid (Kp+) to be expected at thermodynamic equilibrium. If the TF/P K ratio is less than that required for equilibrium at the measured transtubular potential, an electrochemical gradient exists opposing the movement of potassium out of the tubule lumen. For a transtubular potential difference of 22 mv, lumen negative to extracellular fluid, the Nernst equation would require a TF/P K ratio of 2.3 if potassium were distributed passively. The mean TF/P K ratios in all groups of dogs studied were well below 2.3, and the highest single ratio observed was 1.9. The Nernst equation defines the relationship between electrical and chemical gradients only at equilibrium, and deviations from the expected values imply only that equilibrium does not exist. However, deviation of the TF/P K ratio in the direction observed, coupled with the demonstration of net potassium reabsorption from the tubule, constitutes evidence for active transport.
Solvent drag, i.e., the force exerted upon a solute by the flow of solvent through a membrane (20) , can result in net transport of an ion across a membrane against its electrochemical gradient. Therefore, concentration ratios less than that predicted for passive distribution by the Nernst equation could be observed and transport not be mediated by an active process. However, ratios less than 1.0 cannot result from solvent drag alone, since this would imply relatively more solute than solvent movement across the membrane. Since TF/P K ratios less than 1.0 have been demonstrated in dogs undergoing a mannitol diuresis along with net reabsorption of potassium against an electrochemical gradient, it seems reasonable to conclude that potassium reabsorption from the proximal tubule of the dog nephron is mediated by an active transport process.
It seems unwarranted to add to the proposed models for potassium transport, since the observations do not allow any conclusion concerning intracellular events, and the development of such a model would necessitate extrapolation from other species. Nevertheless, the data are consistent with a potassium pump located on the luminal surface of the tubule cell, which transports potassium out of the tubule lumen against its electrochemical gradient, as previously proposed by a number of investigators (21, 4, 8) .
Berliner (22) has reviewed the evidence which suggests that potassium is not only reabsorbed and secreted by the mammalian nephron, but that all or nearly all of the filtered potassium is reabsorbed at a point in the tubule proximal to the more distal secretory site responsible for the potassium excreted in the urine. Proof of this hypothesis will depend on the demonstration of complete reabsorption of potassium in the proximal tubule, loop of Henle, or early distal tubule.
The data presented in this paper demonstrate that reabsorption of potassium is progressive along the proximal tubule. Although the percentage of filtered potassium reabsorbed in the middle third of the proximal tubule ranges from 37% in normal animals to 14%o in potassiumloaded dogs, the difference is not significant. Furthermore, because of the scatter and paucity of points in the middle third of the tubule, without further data it would be hazardous to extrapolate beyond the middle third in regard to the extent that the proximal tubule contributes to the total amount of potassium reabsorbed by the nephron. It does appear, however, that the adjustments in potassium transport which result in the wide range of potassium excretion occur largely in more distal portions of the nephron. The impetus to resolve the question of proximal tubular reabsorption of potassium has resulted in the recent appearance in the literature of a number of micropuncture studies dealing with the TF/P K ratio in rat and Necturus (1-9). Wirz and Bott (1) were the first to study the potassium concentration in the proximal tubule of rats. They observed in rats undergoing a mild osmotic diuresis TF/P K ratios in the proximal tubule ranging from 0.26 to 1.14, with a mean of 0.69. In contrast, Litchfield and Bott (3) recently reported ratios that remained close to 1.0 in nondiuretic rats. Bloomer, Rector, and Seldin (4) demonstrated TF/P K ratios in normal nondiuretic rats ranging from 0.70 to 1.20, with a mean of 0.92. Out of 25 samples only 6 had TF/P K ratios greater than 1.10. Similar TF/P K ratios in normal diuretic rats have recently been reported by Malnic and Giebisch (6) . Marsh, Ullrich, and Rumrich (8), utilizing standard flame photometry, and Khuri, Flanigan, and Oken (7), using cation-sensitive glass electrodes, reported mean TF/P K ratios of 0.79 and 0.73, respectively, in nondiuretic rats. The discrepancies in the results obtained by different investigators preclude a definitive statement concerning the fraction of the filtered potassium reabsorbed in the proximal tubule of the normal rat. Nevertheless, the general conclusion that potassium is reabsorbed against an electrochemical gradient seems justified.
In Necturus, however, the discrepancies in results do not allow such a conclusion, since Bott (2) observed a mean proximal TF/P K ratio of 1.0 (a result identical to that which she obtained in rats by the same method), while Oken and Solomon (5) observed ratios of 1.6 by flame photometry and Khuri and co-workers (9) from the same laboratory observed a mean ratio of 1.8 by the use of potassium-sensitive glass electrodes. The latter studies may imply passive distribution of potassium across the Necturus proximal tubule epithelium.
Since the proximal TF/P K ratio observed in the normal nondiuretic dogs was at variance with all the studies mentioned above, proximal TF/P K ratios were also determined in normal nondiuretic rats, rats undergoing a mannitol diuresis, and Necturus. The mean TF/P K ratio of 1.3 in normal rats is essentially the same as that observed in normal dogs, suggesting that the discrepancy between the results obtained in dogs in this study and in rats by others (1, 3, 4, (6) (7) (8) is not due to a species difference. Furthermore, normal rats undergoing a mannitol diuresis had significantly lower TF/P K ratios, with a mean of 1.09. Although quantitatively the ratios are higher than those previously reported, they support the concept of active transport of potassium out of the proximal tubule lumen of the rat.
It is difficult to reconcile the wide variety of results that have been reported; however, a few points deserve comment. The most striking difference among the various studies has been the utilization of a variety of methods for the determination of potassium in ultramicrovolumes of biological fluid. The methods have ranged from chemical to various modifications of the flame photometer, to the use of cation-sensitive glass electrodes, and finally to a filter photometer not utilizing a flame but a helium plasma. Unfortunately, no two investigators have used identical methods, and each method was a developmental project carried out specificially by the investigator for the purpose for which it was used. Furthermore, the physiological condition of the experimental animal deserves mention. Since in the rat it is difficult to be certain of the physiological status of the experimental preparation, differences in the physiologic state of the animal along with errors involved in methodology may have led to the discrepancies in results.
The mean proximal TF/P K ratio of 1.8 observed in Necturus is in good agreement with the published data of Oken and Solomon (5) and Khuri and co-workers (9), but distinctly different from that reported by Bott (2) . The TF/P K ratios were distinctly higher in Necturus than in rats or dogs, with eight ratios 2.0 or higher. Since no simultaneous measurements were made of inulin in tubule fluid, and transtubular potentials were not measured, these studies do not bear in any definitive way on the nature of potassium handling in the proximal tubule of Necturus.
Summary
Inulin and potassium concentrations were determined in the same samples of proximal tubule fluid obtained from four groups of dogs: normal, potassium-loaded, potassium-depleted, and normal dogs undergoing a mannitol diuresis. Transtubular potentials were also determined in identically prepared animals. The mean proximal transtubular potential of 22 mv, lumen negative to extracellular fluid, observed in four normal dogs was not significantly different from that observed in potassium-loaded or potassium-depleted dogs. The mean ratio of potassium concentration in tubule fluid to the potassium concentration in plasma was 1.32 in normal dogs, 1.43 in potassium-loaded dogs, 135 in potassium-depleted dogs, and 0.90 during mannitol diuresis in dogs; all are lower than the equilibrium ratio calculated from the Nernst equation for a transtubular potential of 22 mv. Analysis of single samples of tubule fluid for both inulin and potassium demonstrated net potassium reabsorption in the proximal tubule in all experiments. The demonstration of net potassium reabsorption against an electrochemical gradient constitutes evidence for active transport of potassium out of the proximal tubule lumen of the dog nephron. The absence of major differences in the extent of potassium reabsorption in the proximal tubule in dogs excreting widely varying amounts of potassium indicates that the adjustments which determine the rate of excretion occur largely in more distal portions of the nephron.
In normal nondiuretic rats and rats undergoing mannitol diuresis, the mean ratios of potassium concentration in tubule fluid to potassium concentration in plasma were 1.30 and 1.09, respectively. A mean concentration ratio of 1.76 was found in the proximal tubule of Necturus.
